Considering the current water resources problems and rapid increase in its demand, the importance of effective utilization of water resources cannot be underestimated if India has to remain self reliant in food production. Point ETc (crop evapotranspiration) can be calculated by multiplying point ETo (reference evapotranspiration with appropriate k c (crop coefficient) values on a monthly temporal scale. Subtracting the monthly point effective rainfall values from corresponding monthly cumulative point ETc, the point net monthly irrigation requirements can be estimated. Spatially interpolating the point net monthly irrigation requirements by kriging, monthly net irrigation requirement (NIR) maps can be generated. Such maps, although readily available for most of the developed countries, have not yet been developed for developing countries like India. This kind of readily available standard net irrigation requirement maps can be very useful in obtaining reliable irrigation demands in new areas. Therefore, in this paper, an attempt has been made to develop monthly net irrigation requirement maps for India. To grasp the spatial distribution characteristics of the net irrigation requirement for the dominant crop of the season and agroecological region (AER), geostatistical analysis was performed on the normal monthly NIR derived from 32 years data of 133 IMD (India Meteorological Department) stations uniformly distributed over the country. It was observed that ordinary kriging produced best results and hence was used to produce the final net monthly irrigation requirement surfaces for all the months.
Introduction
The quantum of water used for irrigation by the last century was of the order of 300 km 3 of surface water and 128 km 3 of groundwater, leading to a total of 428 km 3 . The estimates indicate that by the year 2025, the water requirement for irrigation would be 561 km 3 for low-demand scenario and 611 km 3 for highdemand scenario. Accurate estimation of evapotranspiration (ET) is of great importance for hydrologic water balance, irrigation system design and management, water resources planning and management, etc. A number of indirect methods for estimation of reference ET (ETo) have been developed by several researchers in the past decades. Many scientists have found the PenmanMonteith family of models most reliable for estimation of ETo [1] [2] [3] . A major study conducted by ASCE Committee on Evapotranspiration in Hydrology and Irrigation (formerly ASCE Committee on Irrigation Water Requirements) [4] evaluated the performance of 20 different ETo methods using a set of lysimeter data from 11 stations around the world under widely variable climates. The study confirmed the superior performance of the PM method in all climatic conditions. Similar comparative studies [5] [6] [7] performed after the evolution of FAO-56 PM method [8] recognized FAO-56 PM as the international standard ETo estimation method.
Based on the crop grown and its stage of growth on a monthly temporal scale, point ETc (crop evapotranspiration) can be calculated by multiplying point ETo (reference evapotranspiration), as estimated by the DSS_ET model [9] , with appropriate k c (crop coefficient) values. Allen et al. [8] listed the k c values for different crop growth stages of various crops and the correction procedure to use these values in non-ideal conditions. In some of the cases actual k c values are significantly different from those suggested by the Food and Agricultural Organization of the United Nations, indicating the need for generating these values at the local/regional level [10, 11] . However, measured crop coefficients agreed with those obtained using the FAO-56 methodology for a field of linseed in central Italy [12] and for rice field in Japan [13] . Allen et al. [14] described the development of the procedure and figures for estimating crop coefficient during the initial stage of crop growth (k c ini ).
The point net monthly irrigation requirements can be estimated by deducting the monthly point effective rainfall values from corresponding monthly cumulative point ETc. To obtain monthly net irrigation requirement maps, the point net monthly irrigation requirements should be spatially interpolated by geostatistical techniques, kriging. The readily available standard monthly net irrigation requirement maps can help in selecting reliable irrigation demand in new areas for the dominant crop of the season and particular region. This will also avoid adoption of empirical approach (e.g., ratio of irrigation water to cumulative pan evaporation, IW/CPE) to determine irrigation water requirement for water management related projects leading to under-or over-estimation. Such maps, though available for most of the developed countries, have not yet been developed for India. So, present study was taken up with an attempt to generate monthly net irrigation requirements maps for India.
Theoretical considerations

Estimation of ETo using FAO-56 Penman-Monteith
Allen et al. [8] simplified the basic Penman-Monteith equation [15] by defining the reference crop as a hypothetical crop with an assumed height of 0.12 m, having a surface resistance of 70 s m -1 and an albedo of 0.23, closely resembling the evaporation of an extension surface of green grass of uniform height, actively growing, and adequately watered. With standardized height for wind speed, and temperature and humidity measurements at 2.0 m, latent heat of vaporization = 2.45 MJ kg -1 , and specific gas constant = 0.287 kJ kg -1 °C -1 , the FAO-56 PM equation, for 24 h time step, was given as:
where, R n = net radiation at the crop surface, MJ m -2
; G = soil heat flux density ≈ 0 (for daily basis calculation); T mean = mean air temperature, °C;
o z e = saturation vapour pressure at mean air temperature, kPa; e z = actual vapour pressure at mean air temperature, kPa; Δ = slope of saturation vapour pressure-temperature curve, kPa °C -1 ; γ = psychometric constant, kPa °C -1 and u 2 = mean wind speed at 2 m above ground, m s -1 . 
Estimation of ETc, effective rainfall and net irrigation requirement
where, h c = average crop canopy height, cm. Effective rainfall (R e ) is that part of the total rainfall (R t ), which satisfies evapotranspiration requirements of crop. The normal monthly total point rainfall values were thus converted to effective rainfall using the following relationship presented by the USDA Soil Conservation Service [16] 
where R e and R t are the monthly total values in mm; and ETc m is the monthly total crop evapotranspiration in mm.
The monthly total point effective rainfall values were deducted from corresponding monthly cumulative point ETc to determine the net monthly irrigation requirement at each point.
Kriging of point net monthly irrigation requirement
Point net monthly irrigation requirement values were spatially interpolated by kriging (geostatistical methods) to create monthly net irrigation requirement maps. The spatial interpolation technique, kriging, measures the degree of spatial dependence among the known points in terms of semivariance (γ) given by:
where, h is the distance between known points called lag; n is the number of pairs of known points separated by h; and z is the attribute value at location x i or
A semivariogram is the semivariance plotted in y-axis against the distance between known points in x-axis. To use the semivariogram as an interpolator in kriging, the five standard models (Spherical, Exponential, Gaussian, Rational quadratic and Hole effect) were considered to fit the sample semivariograms in this study. Mainly three kriging methods were attempted in this study, viz., ordinary kriging, simple kriging, and universal kriging.
Data and methodology
Meteorological data
Monthly meteorological data (maximum and minimum air temperature, mean relative humidity, wind speed, solar radiation or sunshine hour, and rainfall) for the period of 32 years were procured from India Meteorological Department (IMD), Pune, for 133 selected stations evenly distributed over 19 out of 21 agro-ecological regions (AERs) of India [17] . The AER 21, i.e., Islands of Andaman-Nicobar and Lakshadweep was excluded from this study for spatial discontinuity, whereas, suitable IMD station could not be located within AER 1, i.e. Western Himalayas (Cold Arid). Elevation and latitude-longitude of the stations were taken from the IMD stations list [18] . The cropping pattern of the country was prepared based on data provided in Ministry of Agric. [19] , Sharma [20] , Oxford Atlas [21] , and through personal communication with Misri [22] . To obtain the spatial distribution of the stations within each of the 19 agroecological regions, the agro-ecological map of India (Sehgal et al. 1990 ) was digitized and was overlaid on the point locations of the selected stations ( Fig. 1) . Out of the 131 IMD stations (excluding Patna and Kota due to data scarcity), 10% (i.e. 13) stations were randomly picked up as validation stations (Ahmedabad, Anantapur, Balurghat, Bhopal, Hazaribagh, Jagdalpur, Jaipur, Ludhiana, Rentachintala, Salem, Satna, Shillong and Solapur) in such a manner that they were distributed over different agro-ecological regions (Fig. 1 ). These validation stations were not included in the kriging exercise. These were used to compare the performance of different semivariogram models and kriging methods. The rest 118 stations were used as the control/calibration stations ( Fig. 1 ) for kriging.
Description of DSS_ET model
The DSS_ET model [9] was developed in Microsoft Visual Basic 6.0. This model supports a total of 22 well-established and widely used ET methods including FAO-56 Penman-Monteith. The graphical user interface of the model provides a friendly link between data and the model and better interaction between the model and its user. The user does not need a prior knowledge on ET estimation for using the menu/toolbar driven windows based DSS_ET model meaningfully. Extensive options were provided to view input data and results, [5] also recommended the use of FAO-56 PM method for daily estimation of ETo. It was found that solar radiation and sunshine hour data were missing for most of the IMD stations. However, either of these two data is mandatory for FAO-56 PM method. Therefore, missing solar radiation was estimated from difference between air temperature extremes [23] using DSS_ET model. A detailed report of the above exercise may be found in Bandyopadhyay et al. [24] .
Determination of normal monthly point ETc
Based on 32 years (1971-2002) monthly data, normal monthly ETo values were obtained using the FAO-56 PM ETo method. At each IMD station, the normal monthly point ETo were multiplied by appropriate k c values depending on the area-wise main crop grown in the respective agro-ecological region (AER) and its stage of growth in a particular month to get monthly point ETc. While preparing the cropping pattern for each of the AER (Table 1) , if the growing periods of two or more main crops of a region were found overlapping in some month, the crop with the highest k c at that month was selected. This was done to prevent the crops with high water demand from facing water stress at their critical growth stages. Hence, the crop selected may not always be the one which is grown in maximum area of a region. However, the water demand of the areawise main crop will certainly be fulfilled with the calculated net irrigation requirement since it is based on a crop which is having more water demand.
Kriging using geostatistical software
The kriging exercises were performed by the Geostatistical Analyst tool of ArcGIS 9 [25] . Different kriging methods were attempted to interpolate normal net irrigation requirement for each month of the year varying different parameters (transformation, order of trend removal, semivariogram model, anisotropy, number of lags and lag spacing, direction and extent of search, etc.). The ArcGIS Geostatistical Analyst provides four performance indicators for comparing different kriging models and selecting the best alternative model. These are standardized mean prediction error, root-mean-squared prediction error, average standard error, and standardized root-mean-squared prediction error. The best model is the one that has the standardized mean prediction error nearest to zero, the smallest root-mean-squared prediction error, the average standard error nearest the root-mean-squared prediction error, and the standardized root-mean-squared prediction error nearest to one [25] . Based on the above performance indicators, kriging method and parameters to be used in each case were selected. Finally, the surfaces created by the selected kriging method and parameters were validated in terms of modelling efficiency (ME), coefficient of residual mass (CRM), standard error of estimates (SEE), and coefficient of determination (r 2 ) at the validation points. The value of ME would be 1.0 when all the estimated values match perfectly with the observed ones. A lower value (close to zero) of ME indicates poor performance of the estimation method used and a negative value indicates that the estimated values are worse than simply using observed mean. CRM indicates overall under-or over-estimation. For perfect estimation, the value of CRM would be zero. A positive value of CRM indicates the tendency of the estimation method to under-estimate the observed values, whereas, a negative CRM indicates a tendency to over-estimate the observed values.
Results and discussion
Estimation of point net monthly irrigation requirement
As discussed earlier, the point net monthly irrigation requirements were calculated by deducting the monthly point effective rainfall values from corresponding monthly cumulative point ETc. The monthly normal ETc, and the net irrigation requirement values, averaged over the agro-ecological regions, are given in Table 2 . It can be seen that, for most of the regions, ETc requirement is highest during April to June, whereas, the net irrigation requirement is highest during March to May. However, the high net irrigation requirement stretches from December to June, i.e., almost the entire non-rainy season, in some regions. On the other hand, for almost all the regions which produce rice as the main kharif crop (AERs 4, 9, 10, 11, 12, 13, 14, 16, 18, 20) , the total monthly evapotranspirative demand can mostly be met from rainfall during the monsoon months of July to September. However, some irrigation may be required to avoid water scarcity during the critical stages of crop growth since these may coincide with comparatively drier days depending on the distribution of rainfall within a month. Rain water harvesting practices may be helpful to some extent in avoiding such situations. Again, extra water in the form of irrigation will be necessary to maintain the required ponding depth in paddy fields and to meet the enhanced deep percolation rate thereof.
Generation of net monthly irrigation requirement maps
To interpolate normal point net irrigation requirements for each month of the year, the performances of different kriging techniques with varying parameters (transformation, order of trend removal, semivariogram model, anisotropy, number of lags and lag spacing, direction and extent of search, etc.) were compared in terms of accuracy of estimation (standardized mean prediction error, root-mean-squared prediction error, average standard error, and standardized root-mean-squared prediction error) at 13 validation points. Ordinary kriging produced best results for all the months except July and hence it was used to produce the final net monthly irrigation requirement surfaces of all the months (among 12 produced maps, only one map i.e., net irrigation requirement map of May is shown in Fig. 2) . Table 3 shows the performance indicators of the kriged surfaces at the 13 validation stations. From these performance indicators, it can be said that the kriged surfaces performed satisfactorily and can be used to get an idea of the monthly total net irrigation requirement at unknown stations for the dominant crop of the season and AER.
Conclusions
For most of the agro-ecological regions, ETc requirement is highest during April to June, whereas, the net irrigation requirement is highest during March to May. The high net irrigation requirement stretches from December to June, i.e., almost the entire non-rainy season, in some regions. On the other hand, for almost all the regions which produce rice as the main kharif crop (AERs 4, 9, 10, 11, 12, 13, 14, 16, 18, 20) , the total monthly evapotranspirative demand can mostly be met from rainfall during the monsoon months of July to September. However, some irrigation may be required to avoid water scarcity during the critical stages of crop growth since these may coincide with comparatively drier days depending on the distribution of rainfall within a month. Rain water harvesting practices may be helpful to some extent in avoiding such situations. Again, extra water in the form of irrigation will be necessary to maintain the required ponding Table 3 Net irrigation requirement map of May. depth in paddy fields and to meet the enhanced deep percolation rate thereof. Among different kriging techniques tried in this study for spatial interpolation, ordinary kriging produced best results for all the months except July and hence it was used to produce the final net monthly irrigation requirement surfaces for India at monthly interval. These surfaces also produced satisfactory results at the 13 validation stations and can be used to get an idea of the monthly total net irrigation requirement at unknown stations for the dominant crop of the season and AER. 
